cyanate ester based multifunctional nanocomposites for structural capacitors by Sun, Weixing
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2012
cyanate ester based multifunctional
nanocomposites for structural capacitors
Weixing Sun
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Mechanics of Materials Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Sun, Weixing, "cyanate ester based multifunctional nanocomposites for structural capacitors" (2012). Graduate Theses and
Dissertations. 12692.
https://lib.dr.iastate.edu/etd/12692
 Cyanate ester based multifunctional nanocomposites for 
structural capacitors 
 
By 
 
Weixing Sun 
 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
 
 
Major: Materials Science and Engineering 
Program of Study Committee: 
Xiaoli Tan, Major Professor 
Nicola Bowler, Co-advisor 
Michael R. Kessler 
Pranav Shrotriya 
 
 
 
 
 
Iowa State University 
Ames, Iowa 
2012 
Copyright © Weixing Sun, 2012. All rights reserved 
ii 
 
Table of Contents 
Acknowledgements .............................................................................................................................................. iv 
Abstract ................................................................................................................................................................ vi 
Chapter 1: Introduction ........................................................................................................................................ 1 
1.1 Motivation ............................................................................................................................................... 1 
1.2 Multifunctional Nanocomposites ........................................................................................................... 2 
1.3 Fundamentals of Dielectric Properties.................................................................................................... 6 
1.4 Recent Developments of Nanocomposites as Dielectrics ....................................................................... 9 
1.5 Structural Capacitors ............................................................................................................................. 11 
1.6 Bisphenol E Cyanate Ester: The Polymer Matrix ................................................................................... 12 
1.7 Research Goals ...................................................................................................................................... 13 
Chapter 2: Experimental Techniques .................................................................................................................. 16 
2.1 Sample Synthesis................................................................................................................................... 16 
2.2 Broadband Dielectric Spectroscopy (BDS) ............................................................................................ 17 
2.3 Dynamic Mechanical Analysis (DMA) .................................................................................................... 18 
2.4 Thermo Gravimetric Analysis (TGA) ...................................................................................................... 20 
2.5 Scanning Electron Microscopy (SEM) .................................................................................................... 20 
2.6 Transmission Electron Microscopy (TEM) ............................................................................................. 21 
2.7 Dielectric Breakdown Strength Testing ................................................................................................. 22 
2.8 AC Electrical Conductivity Testing ......................................................................................................... 23 
2.9 M vs. H Testing ...................................................................................................................................... 23 
Chapter 3: Multifunctional Si/BECy Nanocomposites for Structural Capacitors ................................................ 25 
3.1 Synthesis of Si/BECy Nanocomposites .................................................................................................. 25 
iii 
 
3.2 Characterization of Si/BECy Nanocomposites ....................................................................................... 26 
3.3 Results and Discussion .......................................................................................................................... 27 
3.3.1 Composite Compositions ........................................................................................................... 27 
3.3.2 Dielectric Properties ................................................................................................................... 30 
3.3.3 Storage Modulus and Thermal Stability ..................................................................................... 34 
3.3.4 Piezoresistance ........................................................................................................................... 36 
Chapter 4: Multifunctional Fe3O4(SiO2 coated)/BECy Nanocomposites for Structural Capacitors ..................... 38 
4.1 Fe3O4/BECy Nanocomposite Synthesis ................................................................................................. 38 
4.1.1 Synthesis of Pseudo-monodispersed Fe3O4-SiO2 Core-shell Nano-spheres ............................... 38 
4.1.2 Fe3O4 /BECy Composite Synthesis .............................................................................................. 38 
4.2 Characterization of Fe3O4/BECy Nanocomposites ................................................................................ 39 
4.3 Results and Discussion .......................................................................................................................... 40 
4.3.1 Fe3O4 Nanoparticle Structures ................................................................................................... 40 
4.3.2 Fe3O4 Nanoparticle Dispersions ................................................................................................. 43 
4.3.3 Dielectric Properties ................................................................................................................... 44 
4.3.4 Storage Modulus and Thermal Stability ..................................................................................... 50 
Chapter 5: General Conclusions ......................................................................................................................... 52 
References........................................................................................................................................................... 54 
 
 
  
iv 
 
Acknowledgements 
I would like to express my deepest gratitude to all of the professors that have aided and 
instructed me throughout the past two years. My major professor, Dr. Xiaoli Tan has shown me 
great kindness and patience to go along with his incredible guidance. My co-advisor, Dr. Nicola 
Bowler has inspired me and provided me with great advice during my thesis work. My 
committee member, Dr. Michael R. Kessler has given me many suggestions on polymer 
processing, thermal, and mechanical tests. Additionally, I would like to express my appreciation 
for Dr. Pranav Shrotriya for being my committee member and helping to revise my thesis.  
Special thanks to Mr. J. Eliseo De León for his training and assistance throughout my thesis 
work. I am grateful to Dr. Li Li for her training and help on the dielectric measurements in the 
first year. I really appreciate Dr. Cheng Ma and Mr. Xiao Wang for their kind help and 
inspiration.  
I would like to acknowledge Dr. Wei Hu, Mr. Hanzheng Guo, Mr. Samuel Eli Young, and 
Mr. Xiaoming Liu in Dr. Tan’s group, who worked with me and provided generous support to 
me. Thanks to Dr. Qi Li and Mr. Wuzhu Sun for Fe3O4 nanoparticle synthesis for my thesis 
work. I also appreciate the help from Dr. In-Seok Seo and Dr. Randi Christensen in Dr. Steve 
Martin’s group for training me to use the broadband dielectric spectroscopy. Additionally, I am 
grateful to Dr. R. William McCallum and Mr. Kevin W. Dennis for the help on the M vs H test. 
I appreciate Dr. Eduard A. Stefanescu, Ms. Diana Gottschalk, Mr. Darman M. Rock, and Mr. 
v 
 
Conner S. Daily in the NASA EPSCoR project for their help and great teamwork to my 
research. Thanks to Dr. Mahendra Thunga, Dr. Ying Xia, Ms. Amy Bauer, Ms. Hongyu Cui, Mr. 
Rui Ding, and Mr. Yuzhan Li in Dr. Kessler’s group for the help with the polymer processing 
and thermal property measurements. Thanks to Dr. Jin Liu and Dr. Tianming Chen in Dr. 
Bowler’s group for their help on dielectric measurements. 
Last but not the least, I would like to thank my parents, Minghao Sun and Daqiao Wei for 
giving birth to me and their emotional, moral and financial support of all time. I am also 
grateful to my friends and colleagues in Iowa State University, who make my life meaningful 
and colorful in Ames, I really appreciate it. 
  
vi 
 
Abstract 
Two multifunctional cyanate ester based composites with nanofillers of core-shell 
microstructures were synthesized and investigated for dielectric, mechanical, and other 
particular properties for the application of multifunctional structural capacitors. The weight 
reduction and device integration in spacecraft can contribute to significant energy saving by 
employing multifunctional structural capacitors. Si nanoparticles/Bisphenol E cyanater ester 
(Si/BECy) nanocomposites show a significant increase in dielectric constant compared to neat 
BECy. A low dielectric loss tangent is still maintained in this system thanks to the core-shell 
(Si-SiO2) microstructure of Si particles. Incorporation of Si nanoparticles also results in a large 
increase in composite’s storage modulus. Furthermore, the AC conductivity of the composite 
was observed to decrease under compressive mechanical stresses due to the piezoresistive effect 
of Si. 
Agglomerates of Fe3O4 nanoparticles coated with SiO2 are synthesized and incorporated 
into BECy to obtain nanocomposites, revealing an enhanced dielectric constant and storage 
modulus, and a relatively low loss tangent over a wide frequency and temperature range similar 
to Si/BECy system. Therefore, these novel cyanate ester based nanocomposites simultaneously 
display mechanical load-carrying, electric energy-storing and other functional properties, 
promising for multifunctional devices, in this case, structural capacitors.  
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Chapter 1: Introduction 
1.1 Motivation 
Weight reduction has become a critical issue in space vehicles because of the extremely 
high cost of launching spacecraft into orbit [1,2]. It has been estimated that the launch cost of 
every pound of weight is more than $20,000 [3]. Composites have been widely used as 
structural materials for spacecraft since the 1960s. As shown in Figure 1.1.2, the structure 
weight fraction of spacecraft decreased from ~22 % to ~5 % after applying light-weight 
composites to all secondary and primary structures [4]. Additionally, composites can be 
employed into other systems such as the power system, which occupy the rest 95 % of 
spacecraft mass with little composite application, as a promising method for weight savings. 
Polymer matrix nanocomposites exhibit low density, excellent mechanical properties and are 
thermally stable over a broad temperature and frequency range, providing an effective way to 
produce light-weight multifunctional components employed in both structure and power 
systems. 
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Figure 1.1.1 Operating cost of air vehicles against thrust power [1]. 
 
Figure 1.1.2 Structure mass percentage of spacecraft from 1965 to 2000 [4]. 
1.2 Multifunctional Nanocomposites 
Over the past three decades, with the rapid developments of nanotechnology, numerous 
innovative nanomaterials have been reported with unanticipated properties. The development of 
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these materials leads to diverse state-of-the-art devices as well as generating great 
improvements in the properties of traditional materials. The unique qualities of nano-scale 
materials are attributed to their structures with at least one dimension in the 1 to 100 nm range. 
Quantum mechanical effects bring about new properties as the size of nanomaterials approaches 
to the molecular scale. New scientific topics such as nanoelectronics and nanomechanics have 
arisen as key contributors to the development of technologies for use in applications such as 
solar cells, nanoscale computer processors, and drug delivery [5]. 
Nano-scale materials exhibit another characteristic different from micro-scale materials, 
which is a remarkably high surface to volume ratio. Various properties of bulk materials could 
be significantly improved by incorporating nano-particulates thanks to large interaction areas, 
leading to the concept of nanocomposites.  
Composite materials have actually been studied for thousands of years, among which the 
most prominent examples are plywood and concrete. In order to meet requirements of modern 
industrial applications, a number of advanced composites have been employed. These can be 
roughly categorized as metal-matrix, ceramic-matrix and polymer-matrix composites. Among 
these categories, polymer based composites are the most widely utilized and commercially 
produced composites. This is because many polymers display desirable mechanical, thermal, 
and other functional properties in a wide temperature and frequency range. Additionally, 
polymers exhibit more convenient processing and relatively low cost compared to metals and 
ceramics. For instance, epoxy resin, a common thermosetting polymer, shows excellent 
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mechanical properties which can be used as the polymer matrix to produce composites with 
fiber reinforcement for industrial tooling application instead of metal or woods. Solid epoxy 
resins can also perform as outstanding electrical insulating materials. Liquid epoxy resins have 
been widely used as adhesives, coatings, and painting materials. Other mass-produced polymer 
matrix candidates include polyester, vinyl ester, etc., taking advantage of their high mechanical 
strength, stiffness, high thermal stability, and low density [6,7]. In composites, fiber and particle 
reinforcements to the polymer matrix lead to a significant enhancement of mechanical 
properties as well as imparting new functions to the system [8,9]. As mentioned previously, 
nano-scale fillers with their remarkably high surface-to-volume ratios bring a much higher 
fraction of interfacial area, contributing to some unanticipated improvements. For example, 
after a surface modification for the purpose of better bonding, carbon nanotubes (CNTs) have 
been incorporated with various polymer matrices for diverse enhanced properties [10,11]. 
As the need for composites grows rapidly for weight reduction and lower cost in industries 
such as aerospace vehicles, boats, and automobiles, nanocomposites are expected to be applied 
to various functional devices. Aerospace vehicles, for instance, are comprised of multiple 
subcomponents designed for unique functions. Aside from the most important load-carrying 
structures and energy storage components, such as batteries and capacitors, other devices also 
provide sensing, moving, analyzing, communicating, and shielding capabilities. The desire to 
integrate functional properties into structural nanocomposites leads to a potential development 
in those systems, by which the concept of multifunctional nanocomposites has been built up. 
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The major objective of multifunctional nanocomposites is to reduce vehicle weights 
significantly by combining multiple functions into one component using novel nanocomposites. 
Among the potential nano-scale fillers for multifunctional composites, carbon nanotubes 
and layered silicates stand out showing a number of excellent mechanical and functional 
properties themselves and when incorporated into polymer matrices. Layered silicates exhibit a 
sandwich-like layered structure, in which the thickness of a single layer can be as low as 1 to 
2.4 nm, with lateral dimensions ranging from 100 nm to approximately 10 μm [12-14]. These 
nanoparticles disperse in the polymer matrix by an exfoliated or intercalated morphology. Even 
a small amount of nano-scale silicates is able to improve various properties of the system. It has 
been reported that the oxidation, solvent swelling, and flammability resistances are enhanced by 
introducing layered silicates [15-17]. Dielectric properties of polymers [13,18] also change 
significantly by adding a small amount of silicates attributed to a considerable interaction 
surface area between fillers and matrices. Carbon nanotubes are usually regarded as the most 
promising nanomaterials and exhibit many unique properties desirable for multifunctional 
composites. The most promising characteristics of CNTs are their extremely high Young’s 
modulus (~1 TPa) and low density, making them ideal for composite reinforcement [19,20]. In 
addition to their mechanical properties, CNTs are excellent electrically and thermally 
conductive materials as well, further compounding their utility in multifunctional 
nanocomposites [21-23].  
In recent years, nanocomposite dielectrics have been widely studied. Prevailing nano-scale 
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materials could be further developed into multifunctional capacitor materials. In this research, 
since we studied multifunctional nanocomposites for structural capacitors, the following 
sections will introduce the fundamental of dielectrics and the latest developments of 
nanocomposites for capacitor materials. 
1.3 Fundamentals of Dielectric Properties 
A material’s response to an applied electric field is commonly utilized to categorize the 
material as either a conductor, semiconductor, or insulator. A perfect insulator, which does not 
exist, allows no current flow in response to an applied electric field. All insulators can be 
polarized by an applied field to become dielectrics. Dielectric polarization is described by the 
slight separation of charge carriers, which are strongly bonded to the molecules in a material, in 
the direction of the electric field.  
 
Figure 1.3.1 A schematic of the polarization of dielectrics in response to an applied electric field 
[24]. 
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The capability for charge separation in a material is quantified by the property of 
polarizability, α, which is defined as: 
𝑝 = 𝛼𝐸     (1.1) 
Where p is the induced dipole moment and E is the applied electric field. The polarization P, 
that is, the sum of dipole moments in a unit volume, is proportional to a material’s polarizability. 
The relationship among the electrical displacement D, polarization P and an applied electrical 
field E is: 
𝑫 = 𝜀0𝑬 + 𝑷     (1.2) 
When polarized molecules are aligned along the E direction, the relationship of vectors can be 
simplified by: 
𝑫 = 𝜀0𝜀𝑟𝑬     (1.3) 
In which ε0 is the permittivity of free space, εr is dielectric constant, or relative permittivity. The 
dielectric constant εr, an intrinsic property of materials, is proportional to the dielectric’s 
capability of electrical energy storage:  
𝑼 =
1
2
𝜀0𝜀𝑟𝑬𝑏𝑟
2     (1.4) 
Where U is the electrical energy density, Ebr is the dielectric breakdown strength. 
When dielectrics are subject to an alternating voltage, it is possible that the polarization is 
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not able to follow the change of the external field. The energy loss is attributed to the delay of 
molecule orientation or distortion, or in other words, relaxations with respect to the change of 
the alternating field. Therefore, the dielectric constant εr can be described by a complex number, 
𝜀𝑟
∗ = 𝜀𝑟
′ − 𝑗𝜀𝑟
′′     (1.5) 
In which εr
'
 is the real part and εr
''
 is the imaginary part. The dielectric loss can be quantified by 
the loss tangent tanδ, as shown in the following equation. 
𝑡𝑎𝑛𝛿 =
𝜀𝑟
′′
𝜀𝑟′
     (1.6) 
The dielectric breakdown strength, which is the maximum electric field the material can 
withstand before breakdown, is another critical property indicative of the material’s ability to 
store energy. During the breakdown process, bonded charge carriers break free, leading to major 
conduction for a short time (in nanoseconds). Polymer dielectrics usually show a relatively high 
dielectric breakdown strength. 
A capacitor is an electrical energy storage component consisting of two conductors 
sandwiching a dielectric. The simplest capacitor, a parallel-plate capacitor, is shown in the 
following figure. 
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Figure 1.3.2 A schematic of a parallel-plate capacitor. 
The capacitance of this capacitor is, 
𝑪 = 𝜀0𝜀𝑟
𝑨
𝒅
     (1.7) 
A is electrode plate area and d is the dielectric thickness. The dielectric constant, again, is 
proved to be a key factor for high capacitance. In the next section, prevailing polymer matrix 
nanocomposites as dielectrics in capacitors will be introduced with their merits and drawbacks. 
1.4 Recent Developments of Nanocomposites as Dielectrics 
Polymer matrix nanocomposites have been widely studied in the past decade in order to 
acquire high dielectric constant and low loss tangent for the capacitor application. Ferroelectric 
 
 
 
Electrodes 
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ceramic and conductive nanoparticles are two major types of nanofillers incorporated into the 
polymer matrix. The reason to use ferroelectric ceramic fillers, such as barium titanate (BaTiO3) 
and lead zirconate titanate (Pb(Zr,Ti)O3), is that this type of material shows a remarkably high 
dielectric constant. A high loading of these nanoparticles into polymer matrix has been 
demonstrated to greatly improve the composites’ dielectric constant. BaTiO3/epoxy 
nanocomposites with 60 vol.% BaTiO3 nanoparticles with a diameter of 100-200 nm exhibit a εr 
of 40 at 1 Hz with tanδ of 3.5 % [25]. A higher volume fraction (85 vol.%) has been shown to 
further increase the dielectric constant to ~150 in the BaTiO3/epoxy system [26]. Other 
ferroelectric ceramic nanoparticles, such as Pb(Mg1/3Nb2/3)O3-PbTiO3 fillers, have been utilized 
to obtain a dielectric constant of over 100 with a maximum tanδ of under 10 % [27]. 
Incorporating conductive nanofillers into polymer matrices is another approach to develop 
composites for capacitors. There is a significant increase in the dielectric constant of 
nanocomposites as the filler volume fraction approaches the percolation threshold [28]. Epoxy 
based composites with nano-scale carbon black particles show an extremely high εr of 13000 at 
10 kHz. However, this is accompanied by an unacceptably high tanδ (45 %) [29], indicative of 
a large leakage current and low dielectric breakdown strength. In order to solve the problem of 
high loss tangent, the idea of a core-shell structure of individual particles has been developed 
[30,31]. The free charge carriers’ movement is constrained within individual particles with an 
insulating outer layer. Aluminum, which exhibits an intrinsic oxidation layer through 
self-passivation, is a desirable candidate. The Al/Ag epoxy nanocomposites possess a 4.5 % 
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tanδ with a εr of 160 at 10 kHz [29,30]. In addition to the native oxide shell, coating Ag 
nanoparticles with a polymer shell has been shown to further increase εr to over 300 while 
keeping tanδ below 5 % [32]. 
Other methods to improve dielectric properties of nanocomposites include searching for 
high εr polymers [33,34], adding dispersants to enhance homogeneity [33,35], and utilizing 
surfactants to strengthen nanofiller bonding with the matrix [32]. In this study, we mainly focus 
on incorporating novel nanofillers to enhance dielectric properties of nanocomposites. 
Additionally, some other functions have been imparted to the composite materials for 
multifunctional structural capacitors. 
1.5 Structural Capacitors 
Structural capacitors are simultaneously capable of storing electrical energies and carrying 
mechanical loads [36]. Polymer matrix nanocomposites, as mentioned in section 1.1, exhibit 
desirable mechanical properties, such as high strength and stiffness, thanks to the nature of 
polymers and diverse reinforcing mechanisms. In section 1.3, it was introduced that a variety of 
nanofillers have been utilized to improve dielectric properties of composites. The combination 
of mechanical and dielectric improvements is needed in order to develop structural capacitor 
materials, so dielectric constant is not the only factor to consider for nanofiller selection. 
Conductive fillers such as Al and Ag nanoparticles display a relatively low Young’s modulus, 
which cannot lead to a strengthening effect. Others like CNTs, even with an extremely high 
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Young’s modulus, bring an unacceptably high dielectric loss to nanocomposites.  
In order to improve both mechanical and dielectric properties simultaneously, the 
multi-phase nanocomposite is a promising method. Fibers are utilized for strengthening while 
particle fillers impart functional properties. However, the quality of interfacial areas might 
become an issue for processing and expecting properties. In this research, we study two-phase 
nanoparticle reinforced multifunctional nanocomposites for structural capacitors that not only 
show improved dielectric and mechanical properties simultaneously, but also exhibit additional 
functional properties. 
1.6 Bisphenol E Cyanate Ester: The Polymer Matrix 
There is a need for polymer composites and multifunctional systems to operate at elevated 
temperatures, where the inherently complex material response of polymer matrix composites 
(PMCs) over time may limit their effectiveness. For this reason, a report by the National 
Materials Advisory Board of the National Academies was recently commissioned to examine 
the research needs for the expanded use of high-temperature PMCs for extreme environments 
[37]. To meet this challenge, high-temperature polymer matrices are needed to keep stable 
performance after thousands of hours in air at 200°C [38]. Among various types of 
high-temperature thermosets, bis(4-cyanatophenyl)-1,1-ethane (bisphenol E cyanate ester, 
BECy) is one of the most promising materials for composite processing with nanoparticles as 
well as high-temperature application. First of all, BECy shows a significantly high glass 
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transition temperature (Tg) of 280 °C, with a highly cross-linked network structure, as shown in 
Figure 1.5.1. The most important advantage of BECy for processing is the low viscosity of its 
monomer (prepolymer). As opposed to a standard bisphenol A cyanate ester which has a 
melting point of 82 °C, BECy reveals excellent processing capabilities even at low temperatures 
with an extremely low viscosity of 90 to 120 cP at room temperature. The viscosity of BECy 
based prepolymers continues to decrease with increasing temperatures, leading to a desirable 
viscosity for sample processing in a wider temperature range than most other systems. These 
characteristics make BECy an excellent candidate of polymer matrix for nanocomposites. 
 
Figure 1.6.1 Chemical structures of a BECy monomer and cross-linked polymer [39]. 
1.7 Research Goals 
In the present research, two types of nanoparticles both with a core-shell structure are used 
for synthesizing multifunctional nanocomposites. The silicon nanoparticle contains an inherent 
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insulating SiO2 outer layer, contributing to an enhanced dielectric constant as well as relatively 
low loss tangent. The SiO2 coating is also deposited on conductive Fe3O4 nanoparticles. From 
the perspective for mechanical properties improvement, both Silicon and Fe3O4 exhibit a much 
higher Young’s modulus E than the polymer matrix and other popular nanofillers for capacitor 
dielectrics [40].  
Table 1.7.1 Young’s modulus E of selected materials. 
Material E (GPa) 
BECy 2.5 
Al 69 
Ag 72 
Glass ~70 
BaTiO3 67 
Si 170 
Fe3O4 230 
Furthermore, Si nanoparticles possess unique functions that lead to one more capability for 
nanocomposites. Si shows the highest piezoresistive effect, mechanical stress dependence of 
electrical resistance, among all materials. Recently Si nanostructrues were found to exhibit a 
piezoresistive coefficient ~40 times greater than that of bulk Si [41]. On the other hand, Fe3O4 
is a common ferrimagnetic material. The incorporation of Fe3O4 nanoparticles is an effective 
way to impart magnetic properties to the composites. 
In this research, Si(SiO2 coated)/BECy and Fe3O4(SiO2 coated)/BECy nanocomposites 
were synthesized. Dielectric properties were measured by broadband dielectric spectroscopy. 
Storage modulus of composites was investigated by dynamic mechanical analysis (DMA). 
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Weight fraction of nanofillers was determined by thermo gravimetric analysis (TGA), and the 
microstructures of nanoparticles and composite fracture surfaces were observed by scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM). An in-situ dielectric 
measurement was conducted for Si/BECy composites under a series of compressive stresses to 
investigate the piezoresistance. Si(SiO2 coated)/BECy nanocomposites are expected to display 
not only mechanical load-carrying and electric energy-storing capabilities, but also 
stress-sensing capability. 
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Chapter 2: Experimental Techniques 
2.1 Sample Synthesis 
A simple thermosetting polymer curing procedure was conducted after a mixing process of 
nanofiller and BECy monomers. Both Si and Fe3O4 nanoparticles were dried before adding into 
BECy monomers. A planetary mixer and a sonic dismembrater were used to acquire 
homogeneous particle dispersion in the mixture. Stainless steel molds with a round hole were 
conducted to inject the slurry into by a syringe. The mold was sealed by a Telfon plate 
sandwiched between the top and bottom metal pieces with screws tightened together. The 
sealed mold was placed in a rotational oven for two-step curing process up to 250 °C. After the 
sample processing, disk shape composite samples were polished and sputtered for 
characterizations. The processing details are introduced in Chapter 3 and 4. 
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Figure 2.1.1 (a) Molds for composite processing; (b) Rotational oven; (c) Planetary mixer; (d) 
Sonic dismembrater. 
2.2 Broadband Dielectric Spectroscopy (BDS) 
Broadband dielectric spectroscopy (BDS), also called impedance spectroscopy, is an 
important technique to characterize dielectric properties of a medium as a function of frequency. 
The mechanism of this method is to measure the response of materials caused by dipole 
moments or free charge carriers movement with respect to an applied electric field. The 
measurement could be operated in a wide range of frequency and temperature to monitor the 
change of molecular polar dynamics in various circumstances. In the Novocontrol BDS system, 
samples are placed in a chamber with controlled temperatures from -150 °C to 300 °C. The 
optimal frequency extent is from 10
-2
 Hz to 1 MHz, which is normally the dielectric relaxation 
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area in the polymer based system, shown by curves of the real part εr
'
 and the imaginary part εr
''
 
of dielectric constant and loss tangent tan. Thus, broadband dielectric spectroscopy is a 
prevailing and powerful tool to investigate dielectric properties of polymers and polymer matrix 
composites [42-47]. In this study, as Figure 2.2.1 shows, nanocomposite samples were 
sandwiched between two electrodes with an applied voltage. The response of samples was 
monitored from 1 Hz to 1 MHz, from 25 °C to 200 °C in the Novocontrol BDS system. 
 
Figure 2.2.1 (a) Novocontrol broadband dielectric spectroscopy instrument; (b) Setup of an 
analyzer for disk sample measurements in an alternating field and temperature controlled 
system [48]. 
2.3 Dynamic Mechanical Analysis (DMA) 
Dynamic mechanical analysis (DMA) is a prevalent technique to investigate viscoelasticity 
of polymers and polymer based composites. The complex modulus can be characterized by 
measuring strains when applying a sinusoidal stress to a material. The real part and imaginary 
(a) (b) 
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part of complex modulus are similar to complex dielectric constant, exhibiting energy storage 
and absorption in an alternating stress field. Normally, storage and loss modulus of Young’s 
modulus (describing tensile elasticity) and shear modulus are investigated with tension and shear 
tests, respectively. Furthermore, DMA is an efficient method to determine glass transition 
temperature (Tg) of polymers and PMCs by monitoring a major drop of storage modulus or a 
relaxation peak in the imaginary modulus as a function of temperature. Above Tg polymers lose 
the rigidity by turning into the rubbery state, giving rise to an adverse effect to be a structure 
material. In this research, the storage modulus and Tg of nanocomposites were measured under 
tension mode with a Thermal Analysis (TA) Q800 instrument. 
 
Figure 2.3.1 TA Q800 Dynamic mechanical analyzer for testing storage modulus and glass 
transition temperature of nanocomposites. 
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2.4 Thermo Gravimetric Analysis (TGA) 
Thermo gravimetric analysis (TGA) is a precise test, measuring weight change of samples 
in a programmed temperature system. It is usually operated in N2 or air atmosphere to examine 
a material’s degradation, oxidation, and other chemical reactions as a function of temperature. 
For polymer matrix composites, the weight loss at high temperatures is an effective approach to 
determine the nanofiller weight fraction.  
In this research, a TA Instruments Q50 Thermo gravimetric analyzer (see Figure 2.4.1) 
was used to quantify the weight fractions of nanoparticles in nanocomposites. 
 
Figure 2.4.1 TA Q50 Thermo gravimetric analyzer for determining weight fractions of 
nanofillers. 
2.5 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) is an important technique for observing 
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microstructures of materials at a high magnification covering a wide range up to ~500000 times. 
Samples are scanned by a beam of electrons. Signals are gathered mainly from second electrons 
and back scattered electrons and outputted as an SEM micrograph. In this research, An FEI 
Quanta FEG 250 scanning electron microscope was utilized under the vacuum mode. 
Nanoparticles were investigated to verify the average particle size. Fracture surfaces of 
composites were scanned by SEM for micrographs of particle dispersion in matrices.  
 
Figure 2.5.1 The FEI Quanta FEG 250 scanning electron microscope. 
2.6 Transmission Electron Microscopy (TEM) 
Transmission Electron Microscopy (TEM) is an advanced microscopy technique by a 
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beam of electrons transmitting an ultrathin specimen to get its information from interaction 
between the beam and the sample. The key advantage of TEM is the higher resolution than 
SEM. In this research, an FEI Tecnai F20 transmission electron microscope was operated at 200 
kV to verify the core-shell structure of nanoparticles at a nano-scale resolution. 
2.7 Dielectric Breakdown Strength Testing 
Since the dielectric breakdown strength is an important property characterizing the energy 
storage capability, samples need to be measured under a high power source until breakdown. 
Dielectric breakdown strength of composites was evaluated by a CEAST Dielectric Rigidity 
Instrument in a voltage ramp rate of 0.5 kV/s and a current intensity of 10 mA. The disk sample 
was silver coated with a mask to get spots fitting the testing probe with a good contact. 
Electrodes were placed in vegetable oil to prevent influence of air breakdown to results. 
 
Figure 2.7.1 CEAST Dielectric Rigidity Instrument for testing dielectric breakdown strength of 
nanocomposites. 
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2.8 AC Electrical Conductivity Testing 
In order to investigate the piezoresistive effect of Si/BECy nanocomposites, an in-situ AC 
electrical conductivity measurement under compressive stresses was conducted. AC electrical 
conductivity of Si/BECy nanocomposites was measured at 1 MHz with an LCR meter (Model 
E4980a, Agilent, USA) in conjunction with a mechanical loading frame (Model 5569, Instron, 
USA) by adding compressive stress from 0 to 90 MPa (See Figure 2.8.1) at room temperature. 
 
Figure 2.8.1 Agilent E4980a LCR meter connected with Instron 5569 for AC electrical 
conductivity testing. 
2.9 M vs. H Testing 
The Quantum Design Magnetic Property Measurement System was used to determine 
magnetic properties of Fe3O4 nanoparticles and their composites. A 5 Tesla magnetic field was 
generated by superconductors surrounding samples. The response of samples was recorded and 
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plotted as M vs. H curves to verify their magnetic properties. 
 
Figure 2.9.1 Quantum Design Magnetic Property Measurement System (MPMS) and its 
superconductor magnet. 
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Chapter 3: Multifunctional Si/BECy Nanocomposites for Structural 
Capacitors 
3.1 Synthesis of Si/BECy Nanocomposites 
Si nanoparticles were acquired from a commercial source (Nanostructured & Amorphous 
Materials, Inc., USA). Since a continuous layer of SiO2 is critical to keeping the dielectric loss 
low in resulting nanocomposites, the acquired Si nanoparticles were heat treated in air at 500 °C 
for 2 hours. This procedure removed possible organic residuals and ensured the existence of an 
insulating layer of SiO2 on the nanoparticle surface. Right before the mixing with BECy 
monomers, the heat treated Si-nanoparticles were dried in air at 200 °C for 10 hours to 
minimize the absorbed moisture [49]. The BECy monomers (TenCate Advanced Composites, 
USA) were mixed with an organometallic-based polymerization catalyst supplied by the 
manufacturer in a ratio of 100:3. The mixtures were incorporated with heat treated and dried Si 
nanoparticles, then sonicated and mixed at 1-2 minute intervals employing a sonic 
dismembrater (Model 100, Fisher Scientific, USA). Following sonication, systems were 
centrifuged for approximately 10 minutes to remove possible air bubbles to complete the 
homogenization. The slurry was passed into 1-3 mm thick steel molds using a 10 mL syringe. 
The molds were placed into a rotational oven to cure for 2 hours at 150 °C and another two 
hours at 250 °C to obtain fully-cured samples. Disk-shape samples with diameters of 11 mm 
and 22 mm were synthesized for dielectric and mechanical tests, respectively, for each 
26 
 
nanofiller fraction. Composites with 10, 18, and 26 vol.% of Si nanoparticles were made 
corresponding to weight fractions of 18, 30, and 40 %. The plate samples were machined and 
then polished smoothly for subsequent measurements. 
3.2 Characterization of Si/BECy Nanocomposites 
The heat treated Si nanoparticles were examined by transmission electron microscopy 
(Tecnai F20, FEI, USA) operated at 200 kV. Thermo gravimetric analysis (TGA) was conducted 
in order to accurately determine the Si nanoparticle loadings in the processed composites. 
Fracture surfaces of composite samples were examined by scanning electron microscopy 
(Quanta FEG 250, FEI, USA) to exam the particle dispersion in the polymer matrix. Dielectric 
properties of nanocomposites and neat BECy were characterized with a Novocontrol dielectric 
spectrometer (Novocontrol Technologies, Germany) in a frequency range from 1 Hz to 1 MHz 
at a series of temperatures up to 200 °C. Dielectric breakdown strength of the composites was 
evaluated by a CEAST Dielectric Rigidity Instrument (Instron, USA) in a voltage ramp rate of 
0.5 kV/s and a current intensity of 10 mA. Dynamic mechanical analysis (DMA) was conducted 
using a TA Q800 instrument at a heating rate of 3 °C/min. The AC electrical conductivity of the 
nanocomposites under compressive stresses from 0 to 90 MPa was measured at 1 MHz with an 
LCR meter (Model E4980a, Agilent, USA) in conjunction with a mechanical loading frame 
(Model 5569, Instron, USA). 
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3.3 Results and Discussion 
3.3.1 Composite Compositions 
Figure 3.3.1 is a transmission electron microscopy micrograph of a representative Si 
nanoparticle used for composite fabrication. It is evident that the Si nanoparticle are spherical in 
shape with diameters c.a. 50 nm. In addition, a continuous amorphous SiO2 layer (~2 nm) is 
formed on the surface of the crystalline silicon particle. This continuous and highly insulating 
layer ensures that charge transport under applied electric fields is confined within individual 
particles. Polymer matrix composites reinforced with Si nanoparticles of this core-shell 
morphology are expected to exhibit increased dielectric constant while preserving the low 
dielectric loss of the polymer matrix. This is an effective mechanism to elevate the composite 
percolation threshold in order to realize high volume fraction loadings of Si, as is demonstrated 
below. 
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Figure 3.3.1 TEM micrograph of Si nanoparticles after heat treated in air at 500 C for 2 hours. 
Figure 3.3.2 shows the weight loss of two composites as a function of temperature heating 
from 25 to 800 °C. Up to 100 °C, no obvious weight loss is observed, indicating very little 
moisture content in both composites. After the complete polymer decomposition at 
temperatures above 700 °C, the weight fraction is 18 % and 40 %, respectively, for the two 
composites. The two composites, therefore, contain approximately 10 vol.% and 26 vol.% Si 
nanoparticles. 
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Figure 3.3.2 Weight fraction as a function of temperature in TGA tests of the 10 vol.% and 26 
vol.% Si loading composites. 
Scanning electron microscopy images of the fracture surface of these two composites 
reveal the nanofiller dispersion in the matrix. As shown in Figure 3.3.3, nanoparticles disperse 
uniformly in the matrix in the 10 vol.% Si composite. However, some extent of nanoparticle 
agglomeration seems to have occurred in the composite with 26 vol.% Si loading. This may be 
one of the reasons for the low dielectric breakdown strength observed in this composite, as will 
be discussed later. 
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Figure 3.3.3 SEM images of fracture surfaces of the (a) 10 vol.% and (b) 26 vol.% Si loading 
composites. 
3.3.2 Dielectric Properties 
Figure 3.3.4 shows the dielectric constant εr and loss tangent tanδ of Si/BECy 
nanocomposites measured from 1 Hz to 1 MHz at room temperature (25 
o
C). The results of neat 
BECy are also included for comparison. The incorporation of Si nanoparticles increases the 
dielectric constant of composites. Specifically, the dielectric constant εr at 1 Hz of the 
nanocomposite with 26 vol.% Si is about 2.5 times that of neat BECy at the same frequency. 
The dielectric constant of neat BECy (εr = 2.98 at 1 MHz) shows a very weak frequency 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig . 3 
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dependence. This frequency dependence is still very weak in the nanocomposite with 10 vol.% 
nanofillers and is slightly increased in the 26 vol.% Si nanocomposite. The maximum dielectric 
loss tangent of neat BECy polymer at room temperature is around 0.6 % in the measurement 
frequency range, despite the slight frequency dependence corresponding to dielectric relaxation 
in the polymer. Incorporating 10 vol.% of Si nanoparticles increases this value slightly to 
around 1.1 %. The loss tangent is still below 1.7 % even in the nanocomposite with a Si loading 
of 26 vol.%. The high dielectric constant and the low dielectric loss tangent of Si/BECy 
nanocomposites contribute to the potential application in electrical capacitors.  
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Figure 3.3.4 Frequency dependence of dielectric properties at room temperature in 
Si-nanoparticle/BECy composites and neat BECy polymer. (a) Dielectric constant εr; (b) 
Dielectric loss tangent tanδ. 
In order to evaluate the temperature effect on dielectric properties of these Si/BECy 
nanocomposites, dielectric characterization was further carried out in a series of temperatures 
from 50 to 200 C. The results for selected temperatures are shown in Figure 3.3.5. It is evident 
that the dielectric constant εr of Si/BECy nanocomposites is very stable against temperature 
change. Most importantly, the dielectric loss tangent remains low throughout the entire test 
temperature range. The nanocomposite with 10 vol.% Si exhibits maximum tanδ values 
between 1.2 % and 1.7 % in the frequency and temperature range of tests, while the 
nanocomposite with 26 vol.% Si displays a maximum tanδ value below 2.5 % at temperatures 
up to 200 °C. The high thermal stability of the dielectric properties of Si/BECy nanocomposites 
indicates that they are good candidates for dielectrics in capacitors at elevated temperatures. 
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Figure 3.3.5 Frequency dependence of dielectric properties at a series of temperatures of 
Si-nanoparticle/BECy composites. Dielectric constant of nanocomposites with (a) 10 vol.% and 
(b) 26 vol.% Si-nanoparticles; loss tangent of nanocomposites with (c) 10 vol.% and (d) 26 vol.% 
Si-nanoparticles. 
The dielectric constant (εr) and loss tangent (tanδ) measured at 1 kHz at room temperature 
(25 °C) and 200 °C are listed in Table 3.3.1 for a direct comparison. In addition, the dielectric 
breakdown strength (Ebr) was measured and tabulated. A significant decrease in Ebr is seen with 
the increase in Si nanoparticle loadings. This anticipated decrease is due to the intensification of 
the actual electric field at the interface between the conductive Si nanoparticle and the 
insulating polymer. Therefore, these Si/BECy nanocomposites are expected to perform well 
only under low electrical fields. For high power applications, surface modification of the Si 
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nanoparticle is needed to improve the dielectric breakdown strength of nanocomposites. 
Table 3.3.1 Selected dielectric and mechanical properties of Si/BECy composties. 
 εr  at 1 kHz tanδ [%] at 1 kHz Ebr 
[MV/m] 
E' [GPa] 
at 40 °C 
Onset 
Tg 
[°C] 
25°C 200°C 25°C 200°C 
BECy 3.0 3.0 0.40 0.26 30 2.4 278 
10 vol.% Si 4.0 4.3 1.07 0.74 16 3.0 270 
26 vol.% Si 7.1 7.6 1.71 0.95 10 4.6 272 
3.3.3 Storage Modulus and Thermal Stability 
For multifunctional applications, mechanical properties of the Si/BECy nanocomposites 
are also of interest. Figure 3.3.6 presents the results from the dynamic mechanical analysis 
(DMA) tests which shows the temperature dependence of the storage modulus (E') of Si/BECy 
nanocomposites. The E of neat BECy was also measured and displayed for comparison. These 
measurements also identify the variation of glass transition temperature (Tg) with Si loading. 
The E at room temperature and Tg of Si/BECy nanocomposites and neat BECy are also listed 
in Table 3.3.1. E' at room temperature is increased by 22 % and 89 %, respectively, by 
incorporating 10 vol.% and 26 vol.% Si into the BECy matrix. In contrast, Tg varies only 
slightly with the Si addition, indicating the maintained high thermal stability of nanocomposites 
compared with BECy matrix. The Si nanoparticle, thus, is a promising material to reinforce the 
BECy polymer matrix while largely preserving its thermal stability.  
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Figure 3.3.6 Storage modulus (E') of Si-nanoparticle/BECy composites and neat BECy polymer 
as a function of temperature 
The enhanced and thermally stable dielectric and mechanical properties observed in these 
nanocomposites indicate that they are promising functional materials. Actually these Si/BECy 
nanocomposites display comparable mechanical and dielectric properties as BaTiO3/BECy 
composites [49,50]. However, in order to be eventually utilized in structural capacitors, these 
composites reinforced by Si-nanoparticles need to be further investigated for properties 
including fracture toughness, tensile strength, fracture strain, etc. From the point of view for 
mechanical reinforcements, a different morphology such as Si-nanowires would be more 
effective. However, a uniform dispersion of these nanowires in the BECy matrix would be more 
difficult to achieve. Another issue is related to the electrical property. Utilizing one dimensional 
nanofillers leads to a lower percolation limit than isodimensional nanoparticles [51].  As a 
result, a higher dielectric loss is expected in composites reinforced with Si-nanowires. 
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3.3.4 Piezoresistance 
In addition to the enhancement of dielectric and mechanical properties, the dielectric 
constant and loss tangent of Si/BECy composites (18 vol.% and 26 vol.% Si loadings) were 
measured at 1 MHz under compressive stress from 0 to 90 MPa. The AC conductivity could be 
calculated using the equation below, 
AC = 0rtan    (3.3.1) 
where  is the angular frequency, 0 is the dielectric permittivity of free space, r is the 
dielectric constant and tan is the loss tangent of the composite. The dielectric constant of the 
composites is calculated from the capacitance reading from the measurement, showing an 
increase with respect to compressive stress. The loss tangent of the composites, however, 
displays an apparent drop with increasing stress. For neat BECy, as shown in Figure 3.3.7, no 
stress dependence of AC conductivity is observed within the test range. In contrast, a gradual 
decrease in AC conductivity is observed in Si/BECy composites as the compressive stress 
increases. At the stress level of 90 MPa, the relative decrease in AC conductivity is 4 % and 6.5 % 
for the 18 vol.% and 26 vol.% Si loading, respectively. This stress dependent AC conductivity 
in the composites is obviously originated from the piezoresistive effect in Si. Therefore, these 
nanocomposites also have the potential to display a stress-sensing capability, which is expected 
to be dramatically enhanced by higher loadings of Si nanofillers with different shapes and 
specified orientations. The development of Si-nanowire/BECy composites for a stronger 
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piezoresistive effect is currently underway. 
 
Figure 3.3.7 AC conductivity of Si-nanoparticle/BECy composites and neat BECy polymer as a 
function of compressive stress at 1 MHz at room temperature 
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Chapter 4: Multifunctional Fe3O4(SiO2 coated)/BECy Nanocomposites for 
Structural Capacitors 
4.1 Fe3O4/BECy Nanocomposite Synthesis 
4.1.1 Synthesis of Pseudo-monodispersed Fe3O4-SiO2 Core-shell Nano-spheres 
SiO2 coated Fe3O4 nanoparticles were supplied by a research collaborator. The 
nanoparticles were synthesized by a two-step method. The first step was the solvent-thermal 
synthesis of pseudo-monodispersed Fe3O4 nano-spheres. FeCl3·6H2O was dissolved in a clear 
solvent of ethylene glycol, sodium acetate and polyethylene glycol. The mixture was then 
stirred for 30 minutes in an autoclave. After the stirring process, the autoclave was sealed and 
heated at 180 °C for 10 hours to obtain a blackened product.  
The second step was to coat the as-produced Fe3O4 nano-spheres with a SiO2 outer layer. 
Fe3O4 powders were mixed with ethanol and deionized water by ultrasonication for 10 min. The 
mixture was then sonicated for 10 minutes and added to 1 mL of ammonia solution (25%) with 
0.1 mL of tetraethyl orthosilicate afterwards. The mixture was mechanically stirred at room 
temperature for 6 hours to get the final product.  
4.1.2 Fe3O4 /BECy Composite Synthesis 
SiO2 coated Fe3O4 nanoparticles were dried at 200 °C for 10 hours to eliminate absorbed 
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moisture in order to prevent a chemical reaction between water molecules and BECy monomers 
during the curing process. The dried powders were mixed with BECy monomers and the 
organometallic-based polymerization catalyst in the same fashion as Si/BECy composite 
processing (BECy to catalyst ratio of 100:3). The mixture was sonicated by a sonic 
dismembrater to obtain good Fe3O4 particle dispersion in the matrix. Similarly, mixtures were 
centrifuged for approximately 10 minutes to remove possible air bubbles to complete 
homogenization. The slurry was injected into two stainless steel molds using a 10 mL syringe. 
The slurry was moved into a rotational oven to cure for 2 hours at 150 °C and another two 
hours at 250 °C to obtain fully-cured samples. Two disk-shape samples with diameters of 11 
mm and 22 mm were synthesized for dielectric and mechanical tests, respectively, for each 
nanofiller fraction. Two batches of samples were fabricated with 32 wt.% and 51 wt.% Fe3O4 
nanoparticles. Taking the average volume fraction of SiO2 layers into consideration, 10 vol.% 
and 20 vol.% filler loadings were calculated from the density and weight fractions of 
components. 
4.2 Characterization of Fe3O4/BECy Nanocomposites 
Fracture surfaces of composite samples with 10 vol.% and 20 vol.% Fe3O4 loadings were 
examined by scanning electron microscopy (Quanta FEG 250, FEI, USA) to examine the 
particle dispersion in the polymer matrix. Dielectric properties of nanocomposites and neat 
BECy were characterized with a Novocontrol dielectric spectrometer (Novocontrol 
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Technologies, Germany) in a frequency range from 1 Hz to 1 MHz at a series of temperatures 
up to 200 °C. Dielectric breakdown strength of the composites was evaluated by a CEAST 
Dielectric Rigidity Instrument (Instron, USA) in a voltage ramp rate of 0.5 kV/s and a current 
intensity of 10 mA. Dynamic mechanical analysis (DMA) was conducted using a TA Q800 
instrument at a heating rate of 3 °C/min. Magnetic properties of Fe3O4 powders and 
nanocomposites were measured by the Quantum Design Magnetic Property Measurement 
System in an applied magnetic field. 
4.3 Results and Discussion 
4.3.1 Fe3O4 Nanoparticle Structures 
As shown in Figure 4.3.1, pseudo-monodispersed nano-spheres were produced with an 
average diameter of around 400 nm in the first step. The SEM images of Figure 4.3.2 reveal 
that these nano-spheres are composed of nanoparticles from 10 to 20 nm in diameter. Figure 
4.3.3 shows the XRD pattern of the product, indicating the composition as Fe3O4.  
    
Figure 4.3.1 TEM images of monodispersed Fe3O4 nano-spheres (Data provided by the research 
collaborator) 
41 
 
    
Figure 4.3.2 SEM images of monodispersed Fe3O4 nano-spheres (Data provided by the research 
collaborator) 
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Figure 4.3.3 The XRD pattern of Fe3O4 nano-spheres (Data provided by the research 
collaborator). 
Figure 4.3.4 shows TEM images of the Fe3O4-SiO2 particles revealing a 10 nm SiO2 outer 
layer surrounding the Fe3O4 nano-spheres after the coating. The core-shell structure can be 
easily observed in the pictures. 
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Figure 4.3.4 TEM images of Fe3O4-SiO2 core-shell nano-spheres (Data provided by the 
research collaborator). 
Figure 4.3.5 shows the M vs. H loops of Fe3O4 powders and 20 vol.% Fe3O4 in BECy 
nanocomposites at room temperature. The results of both nanofillers and composites exhibit 
characteristics of superparamagnetism of nano-scale Fe3O4. The inset reveals a low remanent 
magnetization and coercivity of Fe3O4 nanoparticles, indicating Fe3O4 fillers as magnetically 
soft materials. The saturation magnetization strength is lowered when Fe3O4 particles are 
dispersed in the polymer matrix. 
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Figure 4.3.5 Magnetization vs. applied magnetic field for Fe3O4-SiO2 powders and a 
nanocomposite with 20 vol.% Fe3O4 loading at room temperature. Inset: M vs. H curve of 
Fe3O4-SiO2 powders, showing the remanence and coercivity. 
4.3.2 Fe3O4 Nanoparticle Dispersions 
Scanning electron microscopy (SEM) was conducted to investigate the nanofiller 
dispersion in the matrix. Figure 4.3.6 shows SEM images of fracture surfaces of composites 
with 10 vol.% and 20 vol.% filler loadings. It is observed that Fe3O4 particles are dispersed 
homogeneously in the composite with 10 vol.% filler loading. There is no agglomeration shown 
on the fracture surface of the composite with 20 vol.% Fe3O4, which could be attributed to the 
larger size of nanoparticles and the multiple mixing steps. This excellent nanofiller dispersion 
might be the reason for the high dielctric breakdown strength of these composites, as will be 
elaborated upon in the next section.  
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Figure 4.3.6 SEM images of fracture surfaces of nanocomposites with (a) 10 vol.% and (b) 20 
vol.% Fe3O4 loadings. 
4.3.3 Dielectric Properties 
Dielectric properties of Fe3O4/BECy nanocomposites were investigated over a wide 
frequency and temperature range. As shown in Figure 4.3.7, the dielectric constant εr and loss 
tangent tanδ of Fe3O4/BECy nanocomposites were measured at room temperature (25 
o
C) in the 
frequency range from 1 Hz to 1 MHz. The dielectric constant of BECy with 10 vol.% Fe3O4 
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loading is shown to increase by a factor of 1.4 compared to neat BECy, reaching 5.1 at 1 Hz. At 
20 vol.% Fe3O4 loading, εr is further improved to 8.0 at 1 Hz, approximately 2.6 times that of 
neat BECy. Also, while neat BECy shows a weak frequency dependence on the dielectric 
constant, εr of the composite filled with 10 vol.% Fe3O4 particles increases from 4.1 at high 
frequencies to 5.1 at low. This tendency becomes even more significant with higher nanofiller 
loading.  
The loss tangent of Fe3O4/BECy nanocomposites increases with higher volume fraction 
nanofiller. Maximum loss tangents of 3.5 % and 4.9 % were found for composites with 10 vol.% 
and 20 vol.% Fe3O4 particle loadings, respectively. Although the value is higher than that of 
Si/BECy system (The maximum tanδ is 1.7 % in composite with 26 vol.% Si), a loss tangent 
under 5 % is still a reasonable value for capacitor applications. Furthermore, while the loss 
tangent of composites with conductive fillers goes up significantly with decrease in frequency, 
the same phenomenon is not seen in this system at room temperature. The SiO2-shell encasing 
the Fe3O4 nanoparticles confines the movement of free charges, leading to a relatively low loss 
tangent at low frequencies. 
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Figure 4.3.7 Frequency dependence of dielectric properties at room temperature in Fe3O4 
/BECy composites and neat BECy polymer. (a) Dielectric constant εr; (b) Dielectric loss tangent 
tanδ. 
In order to investigate potential applications for spacecraft devices, the dielectric 
properties of Fe3O4 filled composites were measured at various temperatures up to 200 °C. 
Figure 4.3.8 and 4.3.9 exhibit the dielectric properties of composites filled with 10 vol.% and 
20 vol.% Fe3O4 particles. As shown in Figure 4.3.8, there is a gradual increase of εr with respect 
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to rising temperatures. The relatively weak frequency dependence of εr at room temperature is 
only preserved up to 120 °C. The results at 160 °C and 200 °C show that εr slightly increases at 
high frequencies (10
3
 - 10
6
 Hz); however, a major increase, by approximately a factor of 1.4, is 
seen at 200 °C as frequency decreases from 10
2
 Hz to 1 Hz. The loss tangent stays under 3.5 % 
over the frequency range when temperature is under 120 °C. However, tanδ keeps rising as 
frequency decreases from 10
2
 Hz, showing maximum values of 5.6 % and 7.5 % at 160 °C and 
200 °C, respectively. The increase of dielectric constant, shown in Figure 4.3.8(a), corresponds 
to the rising loss tangent due to the higher conductivity of Fe3O4 at high temperatures. Figure 
4.3.9 reveals similar tendencies in composites filled with 20 vol.% Fe3O4 nanoparticles. The 
dielectric constant does not rise rapidly until frequency is lower than 10
2
 Hz and temperature is 
higher than 120 °C. The maximum tanδ reaches 8.8 % at 160 °C, which is approaching the 
normal limit (10 %) of loss tangent of capacitors. Furthermore, the tanδ value exceeds 10 % 
when frequency is lower than 30 Hz at 200 °C, revealing that the 20 vol.% Fe3O4 
nanocomposite is no longer applicable for capacitors under these conditions. The reason for this 
high dielectric loss is the increasing amount of conductive nanofillers with higher mobility of 
charges at high temperatures. In summary, Fe3O4/BECy nanocomposites exhibit an enhanced 
dielectric constant εr and preserve the low loss tangent of the polymer matrix, making this 
system promising for capacitor applications over a wide temperature and frequency range.  
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Figure 4.3.8 Frequency dependence of (a) Dielectric constant εr and (b) Loss tangent tanδ at a 
series of temperatures of 10 vol.% Fe3O4/BECy composites. 
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Figure 4.3.9 Frequency dependence of (a) Dielectric constant εr and (b) Loss tangent tanδ at a 
series of temperatures of 20 vol.% Fe3O4/BECy composites. 
The dielectric constant (εr) and loss tangent (tanδ) measured at 1 kHz at room temperature 
(25 °C) and 200 °C are listed in Table 4.3.1 for a direct comparison. In addition, the dielectric 
breakdown strength (Ebr) was measured and tabulated. Compared to the Si/BECy system, the 
incorporation of Fe3O4 nanoparticles does not lead to a major decrease of dielectric breakdown 
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strength. This is probably due to the homogeneous dispersion of nanoparticles in this system 
(see Figure 4.3.6). The high dielectric breakdown strength of BECy matrix is well preserved in 
the composites even with a 20 vol.% nanofiller loading. 
Table 4.3.1 Selected dielectric and mechanical properties of Fe3O4/BECy composites. 
 εr  at 1 kHz tanδ [%] at 1 kHz Ebr 
[MV/m] 
E' [GPa] 
at 40 °C 
Onset 
Tg 
[°C] 
25°C 200°C 25°C 200°C 
BECy 3.0 3.0 0.40 0.26 30 2.4 278 
10 vol.% 
Fe3O4 
4.6 5.0 2.65 2.65 29 4.1 246 
20 vol.% 
Fe3O4 
6.9 7.9 3.99 4.51 26 5.8 230 
4.3.4 Storage Modulus and Thermal Stability 
The Fe3O4 particle-reinforced BECy composites were investigated for their stiffness as 
well as thermal stability. Figure 4.3.10 displays the storage modulus (E') of Fe3O4/BECy 
composites as a function of temperature measured with dynamic mechanical analysis (DMA). 
The data of neat BECy is included for comparison. As shown in Figure 4.3.10, E' has been 
improved by factors of approximately 1.7 and 2.4 at 40 °C, respectively, from that of neat 
BECy by incorporating 10 vol.% and 20 vol.% Fe3O4 into the BECy matrix. Compared to Si 
nanoparticles, Fe3O4 shows a larger strengthening effect thanks to its higher Young’s modulus. 
The composite with 20 vol.% Fe3O4 fillers exhibits E' of 5.8 GPa, which is 1 GPa higher than 
the composite filled with 26 vol.% Si. The onset glass transition temperature (onset Tg) can be 
determined by the steep drop of the E' curve as a function of temperature. While neat BECy 
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presents a remarkably high onset Tg at 280 °C among thermosets, the incorporation of Fe3O4 
particles, unlike Si nanoparticles, imparts an adverse effect giving rise to an onset Tg of 246 °C 
and 230 °C for composites filled with 10 vol.% and 20 vol.% Fe3O4 particles. Even though 
onset Tg falls to 230 °C, Fe3O4/BECy composites can still be considered as good polymeric 
structural materials for applications under a wide temperature range. 
 
Figure 4.3.10 Storage modulus (E') of Fe3O4/BECy composites and neat BECy polymer as a 
function of temperature. 
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Chapter 5: General Conclusions 
In this research, cyanate ester based nanocomposites were synthesized with two types of 
nanoparticles for multifunctional structural capacitor applications. Si-SiO2 and Fe3O4-SiO2 
nanoparticles with a core-shell microstructure were utilized to improve dielectric properties of 
bisphenol E cyanater ester. The SiO2 shell of individual particles was shown to act as an 
insulating layer to constrain free charge movements, preserving a low loss tangent as well as 
improving the dielectric constant in both systems. As is necessary for multifunctional 
nanocomposites, other properties have also been enhanced in both systems. 
Firstly, we have fabricated Si nanoparticle/BECy composites and investigated their 
thermal, dielectric, and mechanical properties. Incorporation of Si nanoparticles significantly 
enhances the dielectric constant over a wide temperature range from 25 to 200 °C. The 
maximum dielectric constant of this composite is 7.9, an increase by a factor of 2.6 from neat 
BECy. Low dielectric loss is also largely preserved, with a maximum value of 2.5 %, in 
Si/BECy composites. In addition, the weak frequency and temperature dependence of the 
dielectric properties of the polymer matrix are maintained in the composites. Si nanoparticles 
have also been demonstrated to be very effective in stiffening the polymeric nanocomposites by 
improving the storage modulus of the polymer matrix. The excellent thermal stability of the 
BECy polymer matrix has been maintained in the composites, demonstrated by no significant 
Tg decrease. These properties indicate that the novel Si/BECy nanocomposites are very 
promising for future structural capacitor applications.  
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An in-situ dielectric measurement was also conducted for Si/BECy composites under a 
series of compressive stresses. The incorporation of Si nanoparticles has been demonstrated to 
impart a unique mechanical stress-sensing capability to these nanocomposites, leading to 
another potential function as sensory materials. 
As a reasonably conductive and ferrimagnetic oxide, the Fe3O4 nanoparticles were utilized 
as another filler to produce multifunctional composites. Fe3O4 (SiO2 coated) /BECy composites 
were synthesized and investigated for a variety of properties. The incorporation of Fe3O4 
nanoparticles improves the dielectric constant of BECy significantly with a maximum value of 
12.3 over a series of temperatures up to 200 °C. The dielectric loss is stays under 5 % at room 
temperature. The maximum loss tangent does not exceed 10 % in the nanocomposite with 10 
vol.% filler loading up to 200 °C over the whole tested frequency range. However, tanδ goes up 
rapidly at low frequencies (from 1 to 10
2
 Hz) when temperature is above 160 °C due to the high 
conductivity of nanofillers, making the 20 vol.% Fe3O4 composite not suitable for capacitor 
applications under these conditions. The high dielectric breakdown strength of the BECy matrix 
is well preserved in the composites even with a 20 vol.% nanofiller loading thanks to the 
homogeneous dispersion of nanoparticles in this system. Additionally, the storage modulus of 
these composites is greatly improved compared to that of neat BECy, indicating remarkable 
reinforcement by the Fe3O4 particles. This study clearly demonstrates that Fe3O4 (SiO2 coated) 
/BECy composites are another promising candidate for dielectrics used in structural capacitors.  
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